Abstract. Genetic algorithms are the search and optimization methods based on the principles of natural evolution. An optoelectronic implementation is proposed in this paper to realize a genetic algorithm. Based on binary logic operations, crossover and mutation of a population of chromosomes can be carried out in parallel, which is very suitable for optical implementation. An electron trapping device is employed to serve as an optical-logic-array processor. Experimental results are presented.
Introduction
Optical computing technique has inherent characters of ultrahigh speed, high parallelism and non-interfering interconnection over its electronic counterpart. However, it lacks the advantages of high accuracy and flexibility in digital electronics. Therefore, hybrid optoelectronic techniques are becoming more promising due to their taking advantage of the strengths in both approaches. Consequently, in the field of optical information processing, various optoelectronic architectures have been proposed to realize neural networks, pattern recognition and image processing etc.
Genetic algorithms (GAs) [1, 2] , generally speaking, are the search and optimization methods that embody the principles of natural selection. They can find the globally optimal solution with high probability in a wide search scope. Since GAs were first presented by Holland [1] in 1975, they have been successfully employed for solving many combinatorial optimization problems in areas of pattern classification [3] , image processing [4] and VLSI design [5] etc.
A GA consists of a population of chromosomes (or individuals) employed to encode trial solutions to the problem at hand. Usually, the chromosomes are presented as binary strings. Each location in a chromosome is called a gene and a collection of chromosomes constructs a population. Similar to natural evolution, it is not an individual but a population that evolves through the so-called genetic operators, such as selection, crossover and mutation. Figure 1 shows a GA cycle. In the beginning, an initial population of chromosomes is randomly generated with the form of binary strings. At each generation, every chromosome is evaluated with an evaluation function and a numerical value named fitness is assigned to it. The fitness reflects the satisfactory degree of the solution encoded into a chromosome. Then the selection process with a roulette wheel is performed to select the candidates for crossover according to their fitness. The individuals with higher fitness have a better chance of survival, while others with lower fitness will die out. The crossover operator generates the child chromosomes by exchanging the genes between the two parent chromosomes. Good genes on different chromosomes may thus be concentrated in the same individual child. Of course, bad genes may be concentrated on a chromosome too. But this chromosome has less chance to survive because of its low fitness. The mutation operator selects a gene randomly on a chromosome and changes it. By this operator, GA may be prevented from restricting into a local optimum. Now a new population of chromosomes is yielded to replace the old ones. The evolution will continue until a desired chromosome in the new population is created as the solution to the problem or the iterations with a predetermined number are completed. Conventional electronic GAs are sequentially performed and are thus time-consuming. To deal with this problem, powerful computing machines capable of performing massively parallel GAs are needed. The properties of high parallelism and ultrahigh speed in optics encourage us to perform GAs optically. It should be noted that not all the operations involved in GAs are suitable for optical implementation. The fitness evaluation function is often a complex procedure depending on the problem to be solved. It is indeed very difficult to implement the fitness evaluation in GAs by use of optical means. In the selection process, a roulette wheel technique is usually employed to select a few candidates for crossover. The probability of a chromosome being selected is proportional to its fitness value. Similarly, this operation is hard to implement optically. Thus in this paper we leave the fitness evaluation and selection operator to be implemented by electronic means. On the other hand, it is possible for us to realize crossover and mutation of a population of chromosomes in parallel since both operations process binary strings. In this paper, with the introduction of templates, crossover and mutation can be executed by binary logic independently of population size and chromosome length. All the operations involved are performed at each bit position in parallel and thus are spaceinvariant. This property is well mapped to the optical cellular architecture and so these operations are very suitable for optical implementation. An optoelectronic system using an electron trapping (ET) device is proposed to realize a GA. The system is compact and can perform the required operations by programming the illumination of data arrays.
Crossover and mutation based on binary logic operations

Crossover
Crossover methods include one-point crossover, two-point crossover and multi-point crossover. In the following, we introduce the realization of one-point crossover based on binary logic operations. The other two crossover methods can also be realized with the same scheme. Suppose after the selection operation, two n-bit chromosomes are selected as a father chromosome (f) and a mother chromosome (m), and a crossover point i(0 < i < n) is randomly chosen. Both strings are cut into two sections at position i and the sections {f(i + 1), . . . , f(n)} and {m(i + 1), . . . , m(n)} are mutually exchanged to produce two new chromosomes s 1 and s 2 as shown in figure 2. To produce chromosome s 1 , an n-bit binary template (t c ) is employed to decide which parent a gene will come from. If one bit of t c is 1, then the gene at the same bit position on s 1 will come from chromosome f, otherwise it will come from chromosome m. Such a strategy is named uniform crossover [6] . Since the sections coming from f and m can be expressed as f · t c and m · t c respectively, s 1 is formed by logic operation f · t c + m · t c , where the symbols '·' and '+' denote logic AND and OR. Similarly, s 2 can be formed by logic operation m · t c + f · t c . Usually, a pair of parent chromosomes f and m will produce a population of child chromosomes, for example, the number of which is 2k. We construct two parent matrices P 1 = [fm · · · mfm] T 
Mutation
A mutation operator randomly selects one bit of a chromosome and inverts it from 1 to 0 or 0 to 1 as shown in figure 3 . Each chromosome s has its corresponding mutation template (t m ) to indicate which gene is to be changed. If one bit of t m is 1, then the corresponding gene on chromosome s will be inverted, otherwise it is unchanged. Thus the mutated s can be created by logic operation s ⊕ t m , where the symbol '⊕' denotes logic XOR. The unchanged sections of s can be obtained by logic operation s · t m , and the inverted sections can be obtained by s · t m . We construct a matrix S = [ s 1 s 2 · · · s 2k ] T to contain all the chromosomes yielded after the crossover operation, and a template matrix T m = [ t m1 t m2 · · · t m,2k ]
T to contain the corresponding mutation templates. So the mutation operations of 2k chromosomes can be realized in parallel by logic operation S ⊕ T m . The following is an example. Among the four chromosomes, the fifth gene on s 2 and the second gene on s 3 are mutated. 
Optoelectronic implementation using ET
We can see clearly from section 2 that crossover and mutation operations of a population of chromosomes can be realized by binary logic operations with an array-like structure. An optical-logic-array processor (OLAP) can perform logic operations of two-dimensional data arrays with high parallelism and ultrahigh processing speed. In the past two decades, shadow-casting logic, polarization logic, symbolic substitution logic, ET logic and logic based on optical bistability have been intensively investigated [7] . Recently, ET materials have attracted much attention due to their excellent features of high resolution, nanosecond response time, a dynamic range covering four orders of magnitude and great sensitivity. Consequently, they have been widely used in three-dimensional memory [8] , neural network [9] and optical computing [10] [11] [12] . In this paper, we use an ET device to serve as an OLAP for performing crossover and mutation in GAs.
The ET device we use is made from Eu-and Sm-doped CaS. The film thickness is about 200 µm and the size of the device surface is 10 cm × 9.5 cm. Both ground and Table 1 . Procedures for performing the binary logic operations involved in crossover and mutation. Data arrays can be input either with or without negation.
Logic functions Input without negation Input with negation
excited states of each impurity exist within the band gap of the wide band gap host material. Short wavelength visible light, e.g. blue, excites electrons from the ground state to an excited state of Eu, from whence the electrons transfer over to Sm. The electrons remain in the ground state of Sm for a very long time. However, subsequent exposure to infrared (IR) light excites the trapped electrons to the excited state of Sm; the electrons transfer to the excited states of Eu and return to the ground state of Eu with emission of red light. Thus, ET material can be used to store optical information as trapped electrons [11] . ET has the inherent capability of performing binary logic functions due to its storage and erasure characters [11, 12] . The NOT operation on a binary array A is done by (a) uniform blue illumination and (b) input A with IR illumination. To perform the AND operation, the binary data arrays are overlapped and illuminated with blue light. The OR operation on two-dimensional arrays is done by simply writing sequentially the binary arrays to be operated onto the ET device with sufficient energy to cause it to saturate. When the device is read with IR light, the output luminescence shows the result. Figure 4 shows an optoelectronic set-up for performing GAs. Two SLMs are used to input data arrays and two shutters are used to control the exposure of blue and IR light beams. If shutter 1 is opened while shutter 2 is closed, only blue light can illuminate the SLMs to write information into the ET device. If shutter 1 is closed while the other is opened, then only IR can illuminate the SLMs to erase information from the ET device or output the result to the CCD detector. The CCD detector merely needs to detect whether there is light or no light at the particular positions, so the threshold value is set between 0 and 1. In addition, to complete the evaluation and selection operations, the PC controls the shutter, SLMs and CCD by clock signals.
The binary logic operations for realizing crossover and mutation can be performed by programming the illumination of data arrays. Since the NOT operation can be realized either by negating the corresponding digits with the SLM or by ET device, the operational principle can be classified into two categories depending on whether negation is included in the input. The operation procedures for logic operations involved in GAs are shown in table 1, where X or X represents input data array X with blue or IR illumination, and the symbol XY is just an exact overlap of data arrays X and Y. Obviously, if the data arrays are input with negation, the operation becomes simpler and fewer steps are required. For example, operation P 1 · T c + P 2 · T c is performed with two illuminations by: (a) input data arrays P 1 and T c into SLMs 1 and 2 respectively with blue illumination; (b) input data arrays P 2 and T c into SLMs 1 and 2 respectively with blue illumination. Now the result of the logic operation P 1 · T c + P 2 · T c is stored in the ET device, which can be read out with IR illumination. Similarly, operation S⊕T m can be performed with two illuminations by: (a) input data arrays S and T m into SLMs 1 and 2 respectively with blue illumination; (b) input data arrays S and T m into SLMs 1 and 2 respectively with blue illumination.
We use examples 1 and 2 for verification, the experimental photographs of which are shown in figures 5 and 6 respectively. In each photograph, the bright pixel denotes '1' while the dark pixel denotes '0'. 
Conclusion
In this paper, we have implemented GAs in optoelectronic. By using binary logic operations, crossover and mutation of a population of chromosomes are completed in parallel, independent of population size and chromosome length. An ET device is used to act as an OLAP. By programming the illumination of data arrays, required logic operations can be performed in constant steps. Moreover, the CCD detector only needs to distinguish the binary states 0 and 1. This makes the system more tolerable to optical noise
